In organisms, ion transporters play essential roles in the generation and dissipation of ion gradients across cell membranes. Microbial rhodopsins selectively transport cognate ions using 
INTRODUCTION
Organisms utilize light not only as signals, but also as an energy source. Such biological activities are established by the functions of various photoactive proteins. Seven-transmembrane α-helical proteins, called "rhodopsins or retinal proteins", have a vitamin-A aldehyde retinal as a chromophore via a protonated Schiff base linkage with a conserved specific Lys residue in the the signal corresponds to the transportation of some anions or cations with a subsequent secondary inward H + movement across the membrane. Thus, SyHR is considered to be a light-dependent outward Na + or inward Cl -transporter. Next, to identify the substrate ion(s) of SyHR, we performed similar experiments in solutions containing different monovalent salts, NaBr, NaI, KCl or NaNO 3 . The signal almost disappeared in solutions containing NaI or NaNO 3 ,
suggesting that Na + is not a substrate ion, while strong signals were observed in solutions containing NaBr or KCl, suggesting that Br -can be a substrate ion as well as Cl - (Figures 2A and 2B). Thus, these data indicate that SyHR is a light-driven anion transporter. It is noteworthy that a light-induced increase in pH and its enhancement by the addition of CCCP were also observed for SyHR in a solution containing 100 mM Na 2 SO 4 ( Figure 2B ). For anion transporters, Na 2 SO 4 is widely used as a standard non-substrate salt because of its characteristic that SO 4 2-is a large polyatomic divalent ion. In fact, no light-induced pH change has been observed for SO 4 2-in the other anion transporting rhodopsins including MrHR. 19 It should be noted that, in our experimental conditions (pH 5 -7), sulfate ions exist as a divalent form (SO 4 2-) but not as a monovalent form (HSO 4 -) judged by its pKa value (ca. 1.9) ( Figure 2C ). 25 These results strongly suggest that SyHR characteristically transports not only monovalent anions (Cl -and Br -) but also a divalent SO 4 2-anion. Incidentally, the enhanced signals in the presence of CCCP completely disappeared following the addition of tetraphenylphosphonium ion (TPP + ), which is a hydrophobic cationic reagent that disrupts the membrane potential ( Figure 2B ). 26
Anion binding to SyHR
To investigate the effects of the substrate ions (Cl -and SO 4 2-) on the spectroscopic properties of SyHR, we measured UV-visible absorption spectra of purified SyHR in the presence or absence of 1 M NaCl or 1 M Na 2 SO 4 . Here we employed the MOPS buffer for which the pH was adjusted by the addition of NaOH. Because Cl -and SO 4 2-are the substrates for SyHR, buffers for which the pH is adjusted from basic to neutral by addition of HCl or H 2 SO 4 are not suitable in this study. In addition, at neutral pH around 7, a partial deprotonation of the retinal Schiff base was observed especially for SyHR in the presence of SO 4 2-(ca. 5%) due to its smaller pK a value (see following section and Figure 5G ). To maintain the retinal Schiff base completely protonated, the pH was adjusted to ca. 5. The λ max of SyHR was clearly shifted from 542 nm to 536 nm or to 556 nm by the addition of NaCl or Na 2 SO 4 to the desalted buffer solution, respectively ( Figure 3A ). It should be noted that such a SO 4 2 -induced spectral shift was not observed in any other microbial rhodopsins, 12, 19, 27 indicating that it is characteristic for SyHR (Table 1) . To confirm whether the spectral change was caused by a difference in the retinal configuration, we performed HPLC analysis, since it is well known that an increase in the 13-cis retinal oxime isomer causes a spectral blue shift in microbial rhodopsins. 28, 29 As shown in Figure 3B , SyHR predominantly contained an all-trans retinal as its chromophore both in the presence or absence of salts (w/o salt: 94.1%, 1 M NaCl: 97.5%, 1 M Na 2 SO 4 : 96.1%),
indicating that the spectral shift of SyHR is not caused by a change in the retinal configuration.
Thus the anion-induced spectral shifts likely represent an environmental change around the chromophore, leading to an increase or a decrease in the energy gap between the electronic ground and excited states for the blue and the red shifts, respectively. These spectral shifts without a change of the retinal composition allowed us to perform anion titration experiments.
Figures 3C and E show the spectral changes over a wide salt concentration range from 0 to 1 M.
As shown in Figures 3D and F , the difference spectra show isosbestic points at around 550 nm both for NaCl and for Na 2 SO 4 , indicating there is an equilibrium between the anion-bound and anion-unbound forms in SyHR. The absorbance changes at 592 nm were plotted against the salt concentrations ( Figure 3G ), and the affinity constants (K d ) were estimated using the Hill equation as 0.112 ± 0.0166 mM for Cl -(blue circles) and 5.81 ± 1.40 mM for SO 4 2-(red circles).
These values are comparable to those of other anion pumps such as MrHR (1.99 mM for Cl -), HsHR (10 mM for Cl -) and NpHR (2 mM for Cl -) (Table 1) .
11,12,19
To analyze the possibility of whether the SO 4 2-binding site is shared with the Cl -one, we performed competition experiments. Figure 4 shows the spectral changes of SyHR elicited by the addition of Cl -or SO 4 2-in the presence of 1 M Na 2 SO 4 or 1 M NaCl, respectively. The absorption spectrum of SyHR in a solution containing 1 M Na 2 SO 4 was clearly shifted to the shorter wavelength in a Cl --dependent manner ( Figure 4A ). Both the presence of an isosbestic point at approximately 550 nm in the difference spectra and the high affinity of Cl -compared to SO 4 2-(ca. 40-fold) indicate the transition of SyHR from the SO 4 2--bound form to the Cl --bound form ( Figure 4B ). This is supported by the result that the absorption maximum of SyHR in a solution containing 1 M NaCl or 1 M Na 2 SO 4 (solid line in Figure 4A ) is identical to that with Cl -alone (i.e., 536 nm, see Figure 3A ). On the other hand, the absorption spectrum of SyHR in a solution containing 1 M NaCl is not altered by the addition of SO 4 2-( Figures 4C and 4D ). This is interpreted in terms of the lower binding affinity of SO 4 2-to SyHR than Cl -. The apparent K d value for Cl -in the background of SO 4 2-is estimated as 0.0795 mM by the Hill equation ( Figure   4E ), which is comparable to the K d value for Cl -(0.112 mM, Figure 3G ). Thus, from these results, we assume that the SO 4 2-binding site is shared with the Cl -binding site.
Estimation of pK a of the charged group(s) in SyHR
Then we performed a spectroscopic pH titration to estimate the pK a of the charged residues in SyHR. Under alkaline conditions, large spectral blue-shifts were observed both in the presence and in the absence of salts ( Figures 5A, C change of the pK a of the Schiff base has not been reported in any other microbial rhodopsins so far, indicating that it is characteristic for SyHR. Similar experiments were performed under acidic conditions. As a result, a spectral shift was not observed from pH 4 to 7 with or without salts ( Figure 5G ). This result was interpreted in terms of the lack of the counterion in SyHR 
Resonance Raman spectroscopic analysis of SyHR
To investigate the structure of the retinal chromophore embedded in proteins and its effects on anion binding, we measured resonance Raman (RR) spectra using laser pulses at 532 nm. Figure   6A shows the RR spectra of SyHR without salts (no salt) and with 1 M NaCl (Cl -) or 333 mM Na 2 SO 4 (SO 4 2-). The concentrations of anions were judged to be sufficient for the binding to SyHR from the anion titration experiments as demonstrated above ( Figure 3G ). The red and blue traces represent RR spectra measured in H 2 O buffer and in D 2 O buffer, respectively. As seen, almost no significant anion dependency was observed for the RR spectra of SyHR, indicating that the structure of the retinal chromophore in SyHR is not altered upon anion binding. Hereafter, all Raman bands for SyHR were interpreted in terms of the assignments for HsBR because the overall spectral features of the observed RR spectra of SyHR were very similar to those of HsBR, whose normal mode analysis has already been carried out in detail.
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For the low-frequency region (800-1100 cm -1 ), the symmetric rocking mode of methyl groups connected to the C9 and C13 atoms of the retinal 33 was observed at 1008 cm -1 ( Figure   6A ). In addition, some weak bands assignable to hydrogen- Figure 3B .
The frequencies of the strongest C=C stretch bands were similar between the spectra of SyHR with or without Cl -and SO 4 2-. For retinal proteins and model compounds of the retinal chromophore, it is well-known that there is an inverse linear correlation between the C=C stretching frequency and the absorption maximum of the retinal chromophore. 37 Figure 6B 43 and is more similar to that of HsBR (1640 cm -1 ). 32 In addition, the amplitude of the deuteration shift of the C=N stretch band was 16 cm -1 for SyHR, which is larger than that for HsHR (12 cm -1 ) and NpHR (11 cm -1 ) and is comparable to that for HsBR (16 cm -1 ). It is known that a larger deuteration shift of the C=N stretching frequency means a stronger hydrogen bond formation. 51 Thus these observations indicate that the hydrogen-bond strength of the Schiff base in SyHR is stronger than the chloride pumps. Table 2 and Table S1 in Supporting information, respectively. The shortest lifetime component (τ 0, ~50 fs) was attributable to the blue-shift of the ESA band and the red-shift of the SE band, as previously reported for other rhodopsins. 52, 53, 54, 55 According to these previous studies, we assigned the τ 0 component to the initial relaxation from the Franck-Condon state to the relaxed S 1 state. After these spectral shifts, the ESA and SE bands concomitantly decay with the time constants of τ 1 , τ 2 and τ 3 . Such multi-exponential behavior of the S 1 decay has been observed for other rhodopsins as well. 53,54,56,57 Although its origin is still under debate, 58 it has been proposed that some rhodopsins have structural heterogeneity in the ground state; multiple species that have slightly different environments around the chromophore are present in the sample. 59 These multiple species can be excited in parallel, and the generated S 1 states individually decay with different lifetimes reflecting different environments around the chromophore.
At the PA wavelengths, we observed a significant increase in the transient absorption signal with a time constant of τ 1 , and that time constant did not significantly change with the salt condition. These results indicate that the trans-cis photoisomerization of the retinal takes place with τ 1 , irrespective of the salt conditions. In data measured with 1 M NaCl, we did not observe an increase of the PA signal with τ 2 and τ 3 , indicating that the τ 1 process predominantly yields the photoproduct, and that the τ 2 and τ 3 processes do not significantly contribute to the photoproduct formation. These results suggest that τ 2 and τ 3 represent the S 1 lifetimes of the non-reactive sub-ensemble of SyHR, while τ 1 represents that of a reactive sub-ensemble which presumably has a chromophore environment more optimized for the isomerization. It should be noted that, under conditions without salt or with 333 mM Na 2 SO 4 , we observed an additional increase of components with τ 2 and τ 3 at the PA wavelength, suggesting that these processes may also generate the photoproduct. However, under these conditions, the PA amplitude is very small, and thus the time evolution of the PA amplitude is substantially obscured by the GSB and SE dynamics, which is not negligible at the PA wavelength. Therefore, currently we cannot conclude whether the τ 2 and τ 3 processes contribute to the photoproduct formation.
We observed a gradual blue-shift of the PA band by ~20 nm in the early picosecond It is worth noting that, irrespective of the salt condition, the amplitude of the PA signal is not as large as those of other rhodopsins such as HsBR and HsHR 58,63 . In fact, the ratio between the maximum amplitudes of the PA band at 100 ps and the GSB band at 0.1 ps, which provides an estimate of the quantum yield of the K intermediate (Φ K ), is significantly small, compared to the ratio observed for HsBR and HsHR. This indicates that Φ K in SyHR is substantially lower than those in HsBR (Φ K = 0.64) and HsHR (Φ K = 0.34) [64] [65] [66] . SyHR has a chromophore environment that can accommodate both SO 4 2-and Cl -. We consider that such unique environment might not be optimized for the isomerization of the retinal chromophore, giving rise to the low Φ K value in SyHR. This argument is also consistent with the observation that the non-reactive components (τ 2 and τ 3 ) are predominant in the S 1 decay of SyHR. 
DISCUSSION

Anion binding site in SyHR
To summarize our results, the photobiological and photochemical properties of anion transporting rhodopsins, SyHR, MrHR, HsHR and NpHR, are listed in (Figure 2 ). The absorption spectra in Figure 3A indicate that SyHR binds SO 4 2-together with the spectral red shift, which is opposite the case of Cl -binding. The absorption maximum of microbial rhodopsins corresponds to its lowest π-π* excitation energy. In the electric ground state, a positive charge is localized mainly on the Schiff base nitrogen, and upon excitation, it shifts toward the β-ionone ring ( Figure 10A ). (Table 1) . Because of the SO 4 2-binding, the electric quadrupolar complex structure (Figure 10) can be greatly changed to compensate for the residual negative charge. Another positive charge is needed based on the conventional model. Thus, it is likely that structural rearrangement of a positively-charged side chain and/or protonation to an amino acid residue take place near the chromophore. Furthermore, the ion hydrogen-bonded to the protonated Schiff base can interact with the polyene chain at another negatively charged oxygen atom (See Figure S1 in Supporting information). We suppose that such a multiple interaction of SO 4 2-with the chromophore led to the shift of absorption maximum opposite to the shift induced by other anions.
Anion transport mechanism in SyHR
In microbial rhodopsins, upon the formation and decay of the early photointermediates J and K, the retinal chromophore is isomerized from all-trans to 13-cis, while the substrate ions including H + , Na + and Cl -, stay at the initial binding site(s). Therefore, we focused on events that occur after the decay of the K intermediate of SyHR. As a reference, the photocycle of the Cl --bound NpHR is described in the following scheme;
In SyHR, the L-, N-and O-like intermediates were observed as well as NpHR ( Compared to the amino acid sequences of the CP half channel in SyHR and NpHR, SyHR has 13 basic amino acid residues, Arg and Lys, more than 7 of those in NpHR. Especially from the 5 th to 6 th (E to F) helices, 7 of the 13 residues are involved in the CP half channel in SyHR while 2 of the 7 residues are involved in NpHR. In the homologous protein MrHR, 10 basic residues are seen and 6 of them are distributed in the CP side of the E and F helices.
However, 2 of the 7 residues are not aligned with the basic residues in SyHR. Therefore, we speculate that such a positively charged cluster may be one of the mechanisms for the SO 4 2-transportation in SyHR and the distribution of the basic residues may be optimized for the SO 4 In conclusion, we reported here a novel ion transporting rhodopsin, SyHR, which transports not only a monoatomic monovalent anion (Cl -), but also a polyatomic divalent anion (SO 4 2-). As far as we know, SyHR is the first light-driven SO 4 2-transporter in nature. Thus, (http://www.compbio.dundee.ac.uk/jpred/), which automatically searches proteins sharing high sequential similarities from the Protein Data Bank as a reference for a more accurate prediction.
Figure 2. Anion pumping activity of SyHR
Light-induced pH changes of E. coli cell suspensions expressing SyHR in solutions containing: (A) monoatomic anions 100 mM NaCl, 100 mM NaBr, 100 mM NaI or 100 mM KCl, and (B)
polyatomic anions 100 mM NaNO 3 or 100 mM Na 2 SO 4 , were observed in the absence (grey 
